Abstract: Sweet sorghum is a C4 plant with high efficiency of photosynthesis and accumulation of photosynthetic products during growth stage. Until now, little is known about photosynthetic characteristics of sweet sorghum subjected to heavy metal contaminated soil. In this study, photosynthetic modification of sweet sorghum was measured in response to cadmium (Cd) under greenhouse conditions. The experiment was concentrated specifically on Keller (KE) and E-Tian (ET), two cultivars of sweet sorghum. The plants subjected to 100 mg/kg Cd in soil were compared with the control plants without Cd treatment. The results indicated that both cultivars of sweet sorghum display similar photosynthetic responses to Cd exposure. The high Cd concentration resulted in significant decline of photosynthesis net rate (Pn). Pn of ET declines more than Cd-treated KE plants. Moreover, Cd-treated plants were detected to have lower stomata conductance (gs) and intercellular CO 2 concentrations (Ci) than control plants. Chlorophyll content also displayed significant differences between control and Cd-treated plants. In ET, the reduction of both chlorophyll-a and chlorophyll-b was observed under Cd stress, compared with the controls. In contrast, chlorophyll content was significantly enhanced by Cd stress in KE. In conclusion, through the comparison between two sweet sorghum cultivars, it is demonstrated the photosynthetic activity of ET more sensitive to Cd stress than that of KE. Therefore, KE has a potential for biofuel production and phytoremediation of heavy metal in soil.
Introduction


Heavy metals are the main group of inorganic contaminants that seriously threaten food safety and public health. Nowadays, a large amount of land is contaminated by heavy metals due to industrial development and human activities, including fertilizers and emissions from municipal waste incinerators, car exhaust, residues from metalliferous mines and smelting industries, sludge or municipal compost and use of pesticides [1, 2] . Heavy metal contamination, such as cadmium (Cd), lead (Pb), copper (Cu), zinc (Zn) and so on, has become a public concern in the world. Among them, Cd is one of the most toxic and non-essential heavy metal. Cd can be easily absorbed by plants and accumulated in Corresponding author: Changzheng Xu, Ph.D., research fields: bioremediation and bioenergy. agricultural products. Many methods and processes of preventing, removing and correcting the negative effects of pollutants released into the environments exist, but their application for this purpose has either been poorly implemented or not at all [3] . Thus, all major research studies ponder on the use of biological factors to deal and repair environment. Phytoremediation is defined as the use of plants to remove pollutants from the environment or to render them harmless [4] .
Sorghum bicolor originated from Africa is a pro-poor multipurpose crop that provides food, feed, fiber and fuel across a range of agro-ecosystems, especially in those with fragile conditions [5] . Sorghum is classified into the following four groups by application: grain sorghum, sweet sorghum, broom sorghum and grass sorghum. Sweet sorghum is an important bioenergy crop, because it can produce both food and fuel, with a high photosynthetic activity and high concentration of soluble sugars in stem. Sorghum is resistant to drought, high temperature and toxic pollutants. It is able to accumulate large quantities of Cd, Cu, Pb and Zn in shoots, and its biomass production was higher than other energy crops biomass production [6] .
Moreover, sorghum plants were highly tolerant to metal pollution and capable of reaching high biomass values in the presence of metals [7] . The effect of heavy metals (Cd, Pb, Zn and Cu) on morphological and physiological characteristics of sorghum has been studied by Soudek et al. [6] , Zhuang et al. [8] and Liu et al. [9] . [10] . Photosynthesis is the basic process of energy and biomass production in plants [11] . However, few studies have been performed to explore the photosynthesis characteristics of sweet sorghum under Cd stress. In this study, the photosynthesis characteristics of two sweet sorghum cultivars were assayed to demonstrate the effect of heavy metals on the photosynthesis process, especially during the flowering and seed production period. The results would provide a theoretical basis for using sweet sorghum to produce bioenergy combined with phytoremediation for heavy metal contaminated soils.
Materials and Methods
Plant Materials and Experimental Design
Two lines of sweet sorghum, Keller (KE) and E-Tian (ET), were chosen as plant materials. KE (GRIN access code PI 653617) is an elite sweet sorghum line developed by DM Broadhead at US Sugar Crops Field Station at Meridan, Mississippi in 1982, and has been grown globally and proven to have good performance across a range of environmental conditions. ET (literally meaning Russian sweet in Chinese) introduced to China in the early 1970s, is known to possess high Brix content in stem [5] . Chlorophyll pigments were extracted for measurement. Leaves were cut down and immediately put into ice. Then 0.15 g of the sample was weighed and extracted for chlorophyll according to the method of Lichtenthaler and Wellburn [12] . A spectrophotometer (Hitachi U-3000) was then used to measure the chlorophyll pigments.
Photosynthesis Analysis
Data Analysis
All the data were expressed as means ± standard deviation (SD). Comparison of means was performed by the least significant difference (LSD) test (P ≤ 0.05) using Statistix software (version 10.0).
Results and Discussion
Effect of Cd 2+ on Plant Photosynthesis Parameters
Photosynthesis is sensitive to changeable environmental conditions, and the way photosynthesis activity adapts to environments would be different in plants. Here, four parameters, including net photosysnthesis rate (Pn), intercellular CO 2 concentration (Ci), transpiration rate (E) and stomatal conductance (gs), were measured to characterize the Cd-induced photosynthetic changes.
In both KE and ET cultivars, Pn displayed significant differences between control and Cd-treated plants (Figs. 1a and 1b) ET, the inhibition of Cd on Pn was clearer. For both leaves, the net photosynthesis in the control plants was higher than the Cd-treated plants (Fig. 1 ).
Pn decreases with increasing concentration of Cd treatment, which has been reported by Liu et al. [9] .
In addition, Pn of the 2nd leaf was higher than Pn of the 3rd leaf observed in both cultivars (Figs. 1a and  1b) , probably due to leaf senescence during growth. In this experiment, position of leaves was determined from top to bottom, therefore the 3rd leaf was older than the 2nd leaf. Senescence is a normal event in the life cycle of plants [13] . It is a sequence of complex degenerative processes that are initiated at full maturity and may ultimately lead to leaf death. The most remarkable events in leaf senescence are the loss of chlorophyll and the disassembly of the photosynthetic apparatus, which result in decreases in the photosynthetic energy conversion capacity and efficiency [14] . The result of Falqueto et al. [14] indicated that pigment content, photochemical efficiency of photosystem II and electron transport decreased significantly according to the position of leaves in two rice genotypes from the 1st to the 4th leaf.
Comparing the two varieties KE and ET, KE had higher Pn than ET, probably due to genotype and morphological characteristics of plant. In this experiment, it was also found that the specific leaf area (SLA) of KE was higher than of ET. Previous result has suggested that the photosynthesis rate may be relative with the leaf area [15] . The species with higher SLA usually show high potential relative growth rates and higher Pn [16, 17] .
Therefore, photosynthesis was inhibited by Cd exposure, it can be concluded that ET is more sensitive to net rate of photosynthesis changes than KE under Cd stress.
The rate of photosynthesis is an important physiological parameter, which governs the dry matter production and consequently the yield; intercellular CO 2 , transpiration rate and stomatal conductance play an important role in assimilation of photosynthesis [18] . The results showed no significant differences in Ci of the two sweet sorghum cultivars. Intercellular CO 2 concentration decreased in the 2nd leaf of Cd plant, but was not statistically significant, in comparison to the 3rd leaf (Fig. 2a) . The highest Ci (399.25 µmol/mol) was observed at the 3rd leaf of ET Cd-treated plant, while the lowest Ci (272.97 µmol/mol) was recorded at the 2nd leaf of KE Cd-treated plant (Fig. 2a) (Fig. 2b) .
There was no significant difference between stomatal conductance of the two treatments of both cultivars. The highest value of gs (88.69 mmol CO 2 /m 2 /s) was observed in the leaf of KE control plant, while the lowest (33.08 mmol CO 2 /m 2 /s) was present at the leaf of ET Cd-treated plant (Fig. 2c) . Hence, the stomata conductance was not sensitive to Cd. Although Cd had no significant effects on stomata conductance, it causes slight decline in the value of gs in all observed leaves. The decrease of stomata conductance in Cd-treated plants was accompanied by a decline of net photosynthesis rate. These results are consistent with the previous study [19] . 
Photosynthetic Responses of Sweet Sorghum Cultivars to Cadmium Toxicity
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Photosynthesis Pigment: Chlorophyll
The results of this study showed that chlorophyll content in KE and ET were different in response to Cd stress. Chlorophyll content of KE was enhanced by Cd stress, but not in ET (Fig. 3) . In ET, compare to the control, reductions of chlorophyll a and chlorophyll b were both detected under the Cd concentration of 100 mg/kg, although there was no significant difference. Chlorophyll content decreased from 5.74 mg/g fresh weight (FW) to 5.4 mg/g FW.
In contrast to that of ET, chlorophyll content of KE was significantly enhanced by Cd stress. An increase in the content of total chlorophyll, chlorophyll a and chlorophyll b were detected after treatment with Cd. Chlorophyll concentration increased from 5.08 mg/g FW in control plants to 6 .43 mg/g FW in Cd plants (Table 1 ).
In the case of ET, the results also suggest that the reduced rate of photosynthesis might be correlated with chlorophyll content. Similar with the previous studies by Zhu et al. [20] , chlorophyll synthesis was affected by Cd stress. Chlorophyll a decreased greatly, while chlorophyll b did not, this indicates that the influence of Cd stress on chlorophyll synthesis is mainly manifested by the inhibition of chlorophyll a synthesis [20] . Cd stress on chlorophyll synthesis was positively correlated with Cd 2+ concentration of 50 mg/kg and 100 mg/kg, and the chlorophyll contents significantly decreased (P < 0.05) [9] .
In the case of KE, the result was also consistent with results of Miladinova et al. [21] . There was a slightly increase in the chlorophyll a + b content after Cd treatment. The decrease of chlorophyll content in control plants was probably due to leaf senescence during growth. When chlorophyll content was determined, KE control plants were already at the hard dough stage, while the Cd-treated plants just finished the process of granulation and started the soft dough stage.
KE control plants displayed lower chlorophyll concentration and higher Pn, but KE Cd-treated plants inhibited the opposite phenotype ( Fig. 3 and Table 1 ).
In this case, the differences in Pn between the two treatments were not caused by the difference in chlorophyll, probably by light reaction system, photosynthesis efficiency or enzyme systems. Heavy metals could react with the photosynthetic apparatus at various levels of organization and display multiple effects on photosynthesis, including interaction with cytosolic enzymes and organics; alteration of the functions of chloroplast membranes, particularly on photosystem I and II, membrane acyl lipids and carrier proteins in vascular tissues; photosynthetic carbon reduction cycle enzymes, xanthophyll cycle and adenylates [22] . Hence, it is necessary to further study the mechanism of Cd toxic effect on chlorophyll content and photosynthesis response of KE on a cellular or molecular level. 
Conclusions
According to the results, although there was not significantly different in a few parameters, but generally Cd damaged the photosynthetic activity of ET via the inhibition of chlorophyll content, intercellular CO 2 concentration, transpiration rate, stomatal conductance and especially the decline of photosynthetic rate. Hence, the resistance of KE in photosynthesis activity to Cd is greater than that of ET. KE with all the advantages could become a good candidate for combining phytoremediation and biofuel production.
